Abstract The 13 C( 7 Li, 6 He) 14 N reaction is measured at E( 7 Li) = 34 MeV with the Q3D magnetic spectrometer of HI-13 tandem accelerator. Angular distributions at forward angles for proton transfer to the ground and the first excited states in 14 N are obtained. In addition, angular distribution for 7 Li + 13 C elastic scattering is also measured. The optical potential parameters for the entrance and exit channels of the transfer reactions are derived by fitting the 7 Li + 13 C and 6 Li + 14 N elastic scattering experimental data, and their angular distributions are well reproduced by the distorted wave Born approximation calculations. A phase shift of about 2
Introduction
Direct measurement of the proton radiative capture reactions at energies of astrophysical relevance is difficult due to their very small reaction cross sections. Thus indirect measurement stands for an effective approach to derive the astrophysical S factors.
Since deuteron and 3 He have reliable proton spectroscopic factors, the (d, n) [1, 2] and ( 3 He, d) [3∼5] reactions are generally used for indirect measurement of proton capture reactions. The breakup of deuteron and 3 He, however, should be taken into account in data analysis.
( 7 Li, 6 He) is a good tool for indirect study of the (p,γ) reaction. The proton spectroscopic factor of 7 Li is well determined [6, 7] , besides 7 Li is difficult to break up into a proton and a 6 He. In this work, the angular distributions of 7 Li elastic scattering on 13 C and 13 C( [8] . They used a 13 C target with purity of 97% and a ∆E-E counter telescope in the experiment. The energy spectrum of the 13 C( 7 Li, 6 Li) 14 C reaction is shown in Fig. 1 . One can clearly find the disturbance from 12 C contaminant. The 12 C contaminant would directly increase the error of the differential cross sections. At forward angles of θ lab < 20
• , the disturbance is even more serious since the elastic scattering events from 13 C could not be effectively separated from those from 12 C by ∆E-E counter telescope. In addition, the θ c.m. reached in their 13 C( 7 Li, 6 He) 14 N measurement is greater than 20
• , and the uncertainty of differential cross section is up to 11%.
For the above reasons, their data are not suitable for deriving the spectroscopic factors. The new measurement of 13 C( 7 Li, 6 He) 14 N is highly desired.
Li) 14 C energy spectrum from Ref. [8] LI Yunju et al.: New Measurement of Proton Transfer Reactions and Elastic Scattering for 7 Li + 13 C Our experiment is carried out with a 34 MeV 7 Li beam from HI-13 tandem accelerator, Beijing. The beam with an intensity of about 150 pnA is transported to the reaction chamber of Q3D magnetic spectrometer [9] , where it impinges on a 90 µg/cm 2 selfsupporting 13 C target with a purity of 87%. The target thickness has been determined before the experiment by using the energy loss of 241 Am α source and confirmed after the experiment by weighing the target with the precision of 0.1 µg/cm 2 . The beam is then collected by a removable Faraday cup behind the target, which covers an angular range of ±6
• . The elastic scattering events are monitored by a ∆E-E counter telescope at 25
• downstream of the target to serve as relative normalization for the measurement at θ lab ≤ 6
• . The accepted solid angle of Q3D magnetic spectrometer is set to be 0.34 mSr for a good angular resolution. The reaction products are focused and separated by Q3D, finally measured by a twodimensional position sensitive silicon detector (PSSD) at the focal plane of the magnetic spectrometer.
In the measurements of the 13 C( 7 Li, 7 Li) 13 C elastic scattering and the 13 C(
14 N 1 * transfer reactions, the magnetic fields of Q3D are set to focus 7 Li and 6 He, respectively. The elastic scattering and transfer processes are measured in the angular ranges of 9
• ≤ θ lab ≤ 27
• and 2
• in steps of 1 • , respectively. The elastic scattering spectrum is shown in Fig. 2 , in which the disturbance of the 12 C in the target can be completely eliminated, and the target purity can also be accurately estimated. Fig.2 Typical focal-plane position spectrum for 7 Li elastic scattering on 13 C target Angular distribution of the 13 C( 7 Li, 7 Li) 13 C elastic scattering is shown in Fig. 3 by solid circles with uncertainties of 5% from statistics and target thickness. It can be seen that the differential cross sections at θ c.m. > 30
• are in fair agreement with that reported in Ref. [8] . However, at small angles our data is less than theirs. Angular distributions of the 13 C( 7 Li, 6 Li) 14 N 0 and 13 C( 7 Li, 6 Li) 14 N 1 * reactions are also obtained as shown in Figs. 4 and 5 with solid circles. The first peaks of the angular distributions are well measured, they are important in extracting the spectroscopic factor [10] . The uncertainties of the differential cross sections are about 5%∼6%. [11] . The optical potential parameters for the entrance channel are extracted by fitting the angular distribution of 13 C( 7 Li, 7 Li) 13 C elastic scattering using real and imaginary potentials of Woods-Saxon form, and the fitting result is also shown in Fig. 3 . Since no experimental data exist for the 6 He elastic scattering on 14 N, the angular distribution of the 14 N( 6 Li, 6 Li) 14 N elastic scattering at E lab = 32 MeV [12] was used to derive the potential parameters for the exit channels. The extracted potentials are listed in Table 1 , and the calculated angular distributions of the transfer reactions are shown in Figs. 4 and 5. Our experimental data are well reproduced by the DWBA calculations. No obvious phase shift between the calculations and the experimental data is found in the present work. The 2
DWBA calculations
• phase shift observed in the earlier ( 7 Li, 6 He) study [8] may be due to the fact that the first peaks of the angular distributions are missed therein, and the second peaks used in their DWBA normalization are slightly higher than ours. 14 N 1 * reactions have been measured using a 34 MeV 7 Li beam with the Q3D magnetic spectrometer. The disturbance of 12 C in the 13 C target is effectively removed via the position spectrum. The optical potentials are obtained by fitting 7 Li + 13 C and 6 Li + 14 N elastic scattering experiment data, and the transfer data are well reproduced by the DWBA calculations. No obvious phase shift between the calculations and the experimental data is observed.
Summary and discussion
Our study shows that ( 7 Li, 6 He) is indeed a useful reaction for extracting the proton spectroscopic factors, and may provide a valuable method to indirectly measure the proton capture reactions.
